Abstract Aluminum (Al), one of the most abundant metals in agricultural soils, significantly limits crop growth and productivity in acidic soil by inhibiting root elongation. Al ions, especially Al 3?
Introduction
In many parts of the world, agricultural soils are contaminated with heavy metals that pose a serious health hazard to humans, animals, plants, and soil microorganisms (Ghnaya et al. 2010) . Aluminum (Al) is the most abundant metal (Goodwin and Sutter 2009) , composing approximately 7.5 % of the elements in the earth' crust (Haug and Foy 1984) . Although Al is an important mineral in plant growth and development (Kim et al. 2004) , it has a toxic effect under low-pH conditions (Ezaki et al. 2004) . Present in over 50 % of the world's arable lands (von Uexküll and Mutert 1995) , Al toxicity in acidic soils is a major factor limiting crop growth and productivity by inhibiting root elongation (Kochian 1995; Goodwin and Sutter 2009) . The inhibition of root elongation impairs the uptake of water and nutrients from the soil, leading to limited growth of the whole plant . It has been hypothesized that Al toxicity in plants results from complex molecular interactions with the plasma membrane as well as with apoplastic and symplastic targets (Kochian et al. 2005) .
Over 20 genes induced by Al stress have been isolated from a range of plant species, including wheat (Triticum aestivum L.; Gardner 1993, Richards et al. 1994; Delhaize et al. 1999) , tobacco (Nicotiana tabacum L.; Ezaki et al. 1995 Ezaki et al. , 1996 Ezaki et al. , 1997 , soybean (Glycine max L.; Ragland and Soliman 1997) and Arabidopsis thaliana (Richards et al. 1998, Sugimoto and Sakamoto 1997; Hoekenga et al. 2003 Hoekenga et al. , 2006 Larsen et al. 2005 Larsen et al. , 2007 . The mechanisms involved in Al tolerance and resistance are not fully understood at the molecular level (Goodwin and Sutter 2009 ). The Al resistance strategies of plants have been classified into external exclusion (avoidance) and internal tolerance mechanisms (Delhaize et al. 2007; Ma 2007; Kochian et al. 2004) . Among external mechanisms, the most studied is the secretion of organic acid anions from the root apex including malate, citrate and oxalate into the rhizosphere (Ryan et al. 1995) . In recent years, several gene families have been characterized in relation to Al-activated plasma membrane-localized transporters: ALMT (Aluminum-activated malate transporter) and MATE/AACT (Multidrug and toxic compound extrusion/ Aluminum-activated citrate transporter; Magalhaes et al. 2007; Ryan et al. 2011; Delhaize et al. 2011) .
In regards to internal tolerance mechanisms, Al-tolerant genotypes and Al-accumulating plants sequester it in the cytoplasm with organic acid anions or other organic ligands and compartmentalize it in organelles like the vacuole (Kochian 1995; Ramgareeb et al. 2004; Ma et al. 1997) . Specifically, ALS (Aluminum-sensitive) genes, which encode a half-type ATP-binding cassette (ABC) transporter, have been identified in rice and Arabidopsis. OsALS1, located on the tonoplast of root cells, may be involved in chelating internal Al from the cytosol into the vacuole in rice (Huang et al. 2012) . In Arabidopsis, two ALS genes that encode ABC transporter-like proteins may function to confer Al tolerance: AtALS1, located in the tonoplast at the root tip and the vasculature (Larsen et al. 2007) , and AtALS3, located in the plasma membrane in phloem (Larsen et al. 2005) . However, it remains to be examined whether other aluminum-induced protein (AIP) genes have similar functions in plants. For example, among seven Wali cDNA clones that are induced by Al in wheat (Snowden and Gardner 1993; Richards et al. 1994 ), Wali2 and Wali7 encode proteins with unknown functions (Snowden et al. 1995) .
To date, few studies have been published describing the family of plant AIPs. In this study, we report for the first time the isolation of a full-length cDNA clone encoding PgAIP, containing the Wali7 domain, from a ginseng EST library. Korean ginseng (Panax ginseng Meyer), a perennial herb in the family Araliaceae, has been cultivated for its highly valued root used for medicinal purposes. However, because ginseng takes 4-6 years to harvest, it is susceptible to heavy metal stress . Indeed, the ''rusty root'' of ginseng is a major limiting factor in ginseng production in Korea . To the best of our knowledge, there are no previous studies published on the functional characterization of genes involved in heavy metal tolerance in ginseng. In this study, we generated transgenic Arabidopsis plants that overexpressed PgAIP to measure its effect on heavy metal tolerance and further elucidate the molecular mechanisms involved in heavy metal tolerance.
Materials and methods

Plant materials and heavy metal exposure
Korean ginseng (Panax ginseng Meyer) was collected from the Ginseng Bank of Korea. The leaf, stem, root body, and root hair were harvested from a 3-year-old ginseng plant. A 6-year-old ginseng specimen was divided into leaf and root parts, and the main root was divided into epidermis (outer surface), inner root (including pith and xylem), and fine root (fibrous root) by peeling with scalp (Oh et al. 2014 ). Ginseng ''rust'' is a serious problem, especially for the aged ginseng root. Rusty ginseng root refers to reddishbrown discoloration of the root epidermis. To analyze the expression pattern from there, we obtained 6-year-old healthy and rusty ginseng samples from a ginseng field and separately divided into leaf, epidermis, and fine root for RNA isolation.
We exposed the adventitious roots and 1-year-old ginseng grown in a ginseng field to heavy metal solutions. Adventitious roots were induced from calli on B5 medium with 3 % sucrose and 3 mg/L indole-3-butyric acid (IBA) and sub-cultured in liquid B5 medium with 3 % sucrose and 2 mg/L IBA, which was replaced every 5 weeks. After 4 weeks of pre-cultivation, 50 lM of Al 2 (SO 4 ) 3 , CdSO 4 and CuSO 4 5H 2 O were added. To analyze the expression levels of PgAIP in vivo, 1-year-old ginseng roots were placed for various periods in water containing the indicated concentrations of heavy metals: 10, 50, 100 lM of Al 2 (SO 4 ) 3 , and FeCl 3 . After 6, 24, and 48 h, samples were frozen and used for RNA extraction.
The Columbia ecotype (CS60000) of Arabidopsis thaliana was used as a model plant in this study. Seeds were surface-sterilized and then sown on 1/2 MS medium (Duchefa Biocheme, The Netherlands) containing 1 % sucrose, 0.5 g/L MES (2-[N-morpholino]ethanesulphonic acid), and 0.8 % agar at pH 5.7 and pH 4.0 with KOH. Three-day-old cold-treated seeds were germinated under long-day conditions of 16 h light/8 h dark at 23°C. Transformants were selected on hygromycin-containing plates (50 lg/mL). Ten-day-old seedlings were transplanted into the soil and allowed to grow for up to 4 weeks under the same light/dark conditions. For measuring root growth while exposed to Al and Fe, stratified seeds were germinated on 1/2 MS medium containing different concentrations of Al and Fe (0, 100 and 500 lM) and 0.8 and 1.6 % agar pH 5.8 and pH 4.0, respectively; dishes were arranged vertically. For RNA extraction, leaves from 5-week-old plants were collected. The exposed plant materials from all completed treatments were immediately frozen in liquid nitrogen and stored at -70°C until required.
Nucleotide sequencing and analysis
From previously constructed expressed sequence tags (EST) libraries from 4-year-old ginseng (Kim et al. 2006) , homologous sequences of AIP EST were searched against the GenBank databases using a BLASTX algorithm. A pTriplEx phagemid for AIP cDNA was excised from the kpTriplEx2 and used as a template for sequence analysis. Nucleotide and amino acid sequence analyses were performed using the DNASIS program (Hitachi, Japan). These deduced amino acid sequences were utilized to search for homologous proteins via BLAST network services at the NCBI. ClustalX with default gap penalties was used to perform multiple alignment of AIPs isolated in ginseng and previously registered in other species. A phylogenetic tree was constructed by the neighbor-joining method, and the reliability of each node was established by bootstrap methods using MEGA4 software. The protein properties were estimated using ProtParam (Gasteiger et al. 2005 ) and the hydropathy value was calculated by the method described by Kyte and Doolittle (1982) . Secondary structures were analyzed by SOPMA (Geourjon and Deleage 1995) . Identification of conserved motifs within AIP was accomplished with MEME (Bailey et al. 2009 ).
Quantitative RT-PCR analysis Total RNA was extracted from frozen samples with the RNeasy plant mini kit (Qiagen, Valencia, CA, USA), including the DNase I digestion step. Next, 1 lg of the total RNA was reverse transcribed with RevertAid TM H Minus M-MuLV Reverse Transcriptase (Fermentas, USA) according to the manufacturer's instructions. Reverse transcription polymerase chain reaction (RT-PCR) was performed in a 25 lL reaction volume consisting of 0.2 lL of the cDNA product and 10 pmol of each primer using Super-Taq DNA polymerase (Super Bio, Korea) by a BioRad PCR machine (3 min at 95°C, followed by 30 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 30, with a final extension at 72°C for 5 min). The products were analyzed on 1.2 % agarose gels.
Quantitative RT-PCR (qRT-PCR) was performed using 100 ng of cDNA in a 10 lL reaction volume using SYBR Ò Green Sensimix Plus Master Mix (Quantace, Watford, England). Specific primers for PgAIP were used to perform qRT-PCR (Table 1 ). The housekeeping gene encoding the b-actin gene was used as a control in the experiment. The thermal cycler conditions recommended by the manufacturer were used as follows: 10 min at 95°C, followed by 40 cycles at 95°C for 10 s, 58°C for 10 s, and 72°C for 20 s. The fluorescent product was detected at the last step of each cycle. Amplification, detection, and data analysis were carried out with a Rotor-Gene 6000 real-time rotary analyzer (Corbett Life Science, Sydney, Australia). Threshold cycle (Ct) represents the number of cycles at which the fluorescence intensity was significantly higher than the background fluorescence at the initial exponential phase of the PCR amplification. To determine the relative difference in the template abundance for each sample, the Ct value for PgAIP was normalized to the Ct value for bactin and calculated relative to a calibrator using the formula 2 -DDCt . To enable statistical analysis, three independent biological replicates were obtained and performed to qRT-PCR runs in triplicate. The primer efficiencies were determined according to the method described by Livak and Schmittgen (2001) for validating the DDCt method used in our experiment. The observed slopes were close to zero, indicating that the efficiencies of the gene and the internal b-actin control were equal.
Vector constitution and in planta transformation
To overexpress PgAIP under the cauliflower mosaic virus (CaMV) 35S promoter of pCAMBIA1390 containing the and eCFP, the full cDNA sequence of the PgAIP gene was amplified from P. ginseng cDNA using PCR with specific primers embedded with SalI (5 0 -CA GTC GAC ATG TTG GGT GTT TTT AGT-3 0 ) and EcoRI (5 0 -TA GAA TTC CTC TGT GGC TGC AAG AAC-3 0 ) restriction sites. Purified PgAIP was digested with SalI and EcoRI restriction enzymes and cloned into the Pro35S:CFP (Pro35S:PgAIP-CFP). Generated constructs were confirmed by nucleotide sequencing and were in planta transformed into Arabidopsis thaliana C60000 using Agrobacterium tumefaciens C58C1 (pMP90; Bechtold and Pelletier 1998) . Homozygous plants with a 3:1 segregation ratio were selected on antibiotic plates for further analysis. For each construct, 20-50 T1-independent lines were obtained, and the phenotypic significance of the transgenes was analyzed in the chosen lines.
Confocal microscopy analysis
The fluorescence of the reporter cyan fluorescent protein (CFP) was measured using confocal laser scanning microscopy (LSM 510 META, Carl Zeiss, Jena, Germany). CFP was detected using 488/505-530 nm excitation/ emission filter sets. Fluorescence images were digitized with the Zeiss LSM image browser.
Results
Isolation and sequence analysis of the PgAIP gene
From our EST analysis of a cDNA library that was prepared from a 4-year-old ginseng , we identified one cDNA clone encoding the AIP. We named this gene PgAIP (P. ginseng Aluminum-induced protein). The full-length cDNA (GenBank accession number: KJ777820) was 1,160 nucleotides long and contained a putative open reading frame (ORF) of 711 bp. This ORF encodes an AIP protein with 236 amino acids ( Supplementary Fig. 1a) , with a predicted molecular weight of 58.8 kDa and an isoelectric point (pI) of 5.13. Moreover, a full genomic DNA sequence was analyzed using the genomic DNA sequence retrieved from ginseng genome database (http://im-crop.snu.ac.kr/new/index.php). The ginseng genome database was constructed as a part of ongoing ginseng genome project (Next-Generation BioGreen 21 program No. PJ008202) in Korea. The PgAIP gene contains five exons and four introns ( Supplementary Fig. 1a, b) , as does the AIP gene from Arabidopsis (At5G19140). There is less studies of AIP, thus, this study will provide more information about AIP to characterize it from other plants.
An NCBI BlastX search revealed that the deduced amino acid sequence of PgAIP shared a high degree of identity (86 %) with the AIP proteins of Codonopsis lanceolata (AAW02789) and Theobroma cacao (EOY05559), followed by AmAIP (AF363286) of Avicennia marina (85 % identity). By multiple sequence alignment, we found that all amino sequences were well-conserved among the plant AIP isozymes ( Supplementary Fig. 2a, b ). In addition, three conserved motifs found by MEME analysis were biased to the C-terminal region ( Supplementary Fig. 2c ), which may be related to the enzyme's catalytic activity.
Relative organ-specific expression profile of PgAIP
To examine the expression profiles of the PgAIP gene, qRT-PCR was carried out using the cDNA templates from four organs in P. ginseng. After performing a normalization step based on b-actin transcripts, PgAIP was found to be most highly expressed in the leaf, followed by the stem, root body, and root hair (Fig. 1a) . The similar result of AtAIP was also obtained by the Arabidopsis EFP Browser (Winter et al. 2007 ) (http://bar.utoronto.ca/eip/cgi-bin/efpWeb.cgi). Because ginseng is perennial, we wonder whether PgAIP expression differed by age. The highest expression in the leaf was observed in a 4-year-old ginseng (Fig. 1b) , which is the full-grown stage for the above parts in the ginseng life cycle. Ginseng plant Although PgAIP expression is low in the root, its expression gradually increased with age, with the highest level in 6-year-old ginseng (Fig. 1c) . Further, the gene expression patterns of PgAIP in different root tissues of 6-year-old ginseng showed that the highest expression in the epidermis, followed by the inner root and fine root (Fig. 1d) . Analysis of ''rusty'' plant specimens shows lower PgAIP expression in the leaf and epidermis compared to healthy plants (Fig. 1e) .
Expression of PgAIP in response to heavy metal stresses
In order to explore the biological function of PgAIP during heavy metal exposure, we initially investigated the expression profiles of PgAIP in in vitro ginseng adventitious roots by qRT-PCR. As shown in Fig. 2a , PgAIP transcription was confirmed with exposure to Al, Cd, and Cu. By the Al and Cd To investigate the plant's response to heavy metal exposure in vivo, we analyzed the expression pattern of PgAIP using a 1-year-old ginseng root with different concentrations of Al. In contrast to its continuous upregulation in the adventitious root with exposure to 50 lM Al (Fig. 2a) , PgAIP was down-regulated after 24 h in the 1-year-old ginseng root, although it was up-regulated for 48 h in the 10 lM concentration (Fig. 2b) .
Exposure to 100 lM Al caused dramatic PgAIP up-regulation at 24 h, decreasing to the control level at 48 h. Similarly, under Fe stress, PgAIP expression gradually increased, peaked at 6 h, and then decreased (Fig. 2c) . Our qRT-PCR results demonstrate that PgAIP was rapidly induced by Al and other heavy metals. These data strongly suggest that PgAIP is involved in the plant's response to heavy metal exposure.
Subcellular localization of PgAIP protein
In order better understand the function of PgAIP, we investigated its subcellular location. After the full length coding sequence of the PgAIP gene was fused to the 5 0 end of the CFP reporter gene, a PgAIP-CFP fusion construct was built (Fig. 3a) . As depicted in Fig. 3b , Arabidopsis expression of PgAIP-CFP was observed in the plasma membrane. This observation is consistent with the publicly available TAIR data sets of Arabidopsis (http://www.ara bidopsis.org/).
Overexpression of PgAIP in Arabidopsis enhances tolerance to heavy metal exposure After observing that the PgAIP gene is responsive to heavy metal exposure, we hypothesized that it is also involved in Al tolerance and detoxification. To test this hypothesis, the PgAIP gene was overexpressed (PgAIPox) in a welldefined model plant, Arabidopsis thaliana, under the control of the CaMV35S promoter. Of more than 20 lines generated, three homozygous T 2 transgenic lines (#1, #2, and #13) were obtained, and RT-PCR analysis confirmed higher levels of PgAIP transcripts in PgAIPox lines (Fig. 5d) . Under normal conditions, no significant difference in morphologic phenotype was observed in the seedling stage. The root length of wild-type (WT) seedlings grown in pH 4.0 was reduced by 50 % compared to those grown in pH 5.7; transgenic lines had the longest root lengths. In the presence of Al and Fe, PgAIPox lines exhibited thicker and longer roots (Fig. 4a, c) , particularly in pH 4.0 compared to pH 5.7 (Fig. 4b, d ).
In the adult stage, constitutive overexpression of PgAIP caused slower growth (data not shown) and significantly lower fresh weight compared to wild-type plants (Fig. 5c ), in accordance with the high level of gene expression observed in the leaves (Fig. 1a) . The ability of PgAIPox and WT plants to tolerate Al was evaluated by rate of chlorosis and fresh weight after 12 days of Al exposure, which showed that WT and PgAIPox rosette leaves turned yellow, while PgAIPox leaves remained green (Fig. 5a, b) . In addition, the fresh weight of PgAIPox was 1.3-to 2-fold higher than that of WT plants (Fig. 5c) . These results suggest that PgAIP overexpression enhanced plant tolerance to Al exposure.
To gain further insight into the molecular mechanisms of transgenic plants' tolerance to Al, three endogenous Alinduced genes in Arabidopsis were selected to assay their transcript levels in WT and PgAIPox plants under normal conditions and heavy metal exposure. Under normal conditions, there was no significant difference in gene expression between transgenic and WT plants, except AtAIP (Fig. 5d ). Under Al exposure, different with the upregulation of AtALMT1 and AtMATE in WT plant, transgenic plants showed no alteration. Transgenic plants showed the largest difference in expression level after Al exposure in AtALS3, suggesting its role in the regulation of Al tolerance by PgAIP.
Discussion
Aluminum, a major constituent in agricultural soils, causes rhizotoxicity in plants under acid soil conditions (Kochian et al. 2005; Matsumoto 2000) . A variety of mechanisms have been discovered that plants use for Al detoxification (Kochian et al. 2005) , including secretion of organic acids from the root tip to alter local soil pH (Ma et al. 2001 ). However, the molecular mechanism for the Al tolerance is still unclear and the information is lacking on Al-induced protein (AIP) genes, particularly in ginseng. In this study, we identified and characterized AIP homolog cDNA (PgAIP) from a 4-year-old ginseng root from the EST library. BLASTX and phylogenic analysis of PgAIP and other AIPs from several plants have established that PgAIP clusters together with the other AIP family members (Supplemental Fig. 2a ). Consistent with AtAIP (originally called AtAILP1, At5919140) from Arabidopsis, PgAIP exhibited a similar genomic structure, high expression in leaf tissue, response to Al, and localization in the plasma membrane. Although there are no functional studies published on homologous genes from other plants, their wellconserved motifs (Supplemental Fig. 2b ), similar hydophilicity profiles, and secondary structures (Supplemental Fig. 3 ) suggest that AIPs have conserved function. BLAST P search revealed that PgAIP contains a conserved Wali7 domain. The Wali7 gene was an Al-induced gene originally isolated from wheat roots (Richards et al. 1994) . We found that Wali7 expression was induced by 24 h of exposure to Al, and continued to increase for another 3 days (Richards et al. 1994) . Consistently, PgAIP was up-regulated by Al exposure for at least 2 day in the ginseng adventitious root (Fig. 2a) . Other Al-induced genes have been shown to be induced by exposure to other heavy metals (Snowden et al. 1995; Sugimoto and Sakamoto 1997) . Indeed, PgAIP expression was also upregulated by copper, cadmium, and Fe, implying its involvement in the common mechanism for plant defense against heavy metals. Previously, we also observed that the AIP gene isolated from C. lanceolata was induced by exposure to Al, Cd, and Fe treatment (Kim et al. 2004) . Differential uptake of Al may account for the differences in Al resistance between genotypes (Delhaize et al. 1993) . Similarly, different physiological characteristic of the ginseng adventitious root in vitro (Kim et al. 2013 ) may cause a different response to Al than that of in vivo 1-yearold ginseng plants (Fig. 2a-c) . We found that a high concentration of Al temporarily induced PgAIP in ginseng roots, followed by decreased expression (Fig. 2b) , a finding that corresponds to the suppression of Wali7 homologous protein in tomato roots treated with Al (Zhou et al. 2009 ).
Ginseng's long cultivation time makes it vulnerable to heavy metal toxicity. Understanding the molecular mechanisms of the plant's response to heavy metal may lead to the engineering of defense-related genes in medicinal plants. The abundant expression of PgAIP in leaves corresponding with the AtAIP pattern indicates the tissuespecific role of this AIP protein. Although the molecular function of proteins with the Wali7 domain is largely unknown, it has been reported that in addition to the synthesis of novel group factors in response to Al exposure, Values represent the mean ± SE of at least 15 seedlings from one representative experiment. * , **Significantly difference from WT at p \ 0.05 and p \ 0.01, respectively they may be responsible for some developmental processes in plant cells (Dai et al. 2007; Janiak et al. 2012 ). Although we found PgAIP transcripts present at low levels in ginseng root, similar with Wali7 (Richards et al. 1994) and AtAIP (referred to as TAIR), expression increased with the age of the plant (Fig. 1c) . Our observation of more abundant transcription in the epidermis than the inner root and fine root support the time-and tissue-specific functional role of PgAIP. Moreover, we analyze the PgAIP expression from rusty ginseng samples, which lead to a significant reduction in economic value, in some measures by up to 40 % Rahman and Punja 2005) . It has been reported that the mineral content, including Al and Fe, was higher in the epidermis of rusty ginseng compared to healthy Table 1 . To show clearly, relative expressions of endogenous genes were conducted by qRT-PCR and represented as comparison with those in WT of control. Vertical bars indicate the mean value ± SE from three independent experiments. * , **Significant difference from WT plants under control conditions at p \ 0.05 and p \ 0.01, respectively specimens (Yang et al. 1997; Choi et al. 2002) . Corresponding with the down-regulation of PgAIP after longer exposure to Al and Fe (Fig. 2b, c) , rusty ginseng roots had lower levels of PgAIP transcripts compared to healthy root (Fig. 1e) , suggesting its role in the defense against heavy metals at the early stages of growth in ginseng root epidermis and leaves.
The sequence features and expression pattern suggest that the PgAIP is involved in Al tolerance and detoxification. To explore its biological functions, PgAIP controlled by the CaMV35S promoter was introduced into Arabidopsis. Transgenic seedlings did not show any significant morphological changes compared to WT seedlings under normal growth conditions. However, the PgAIPox seedlings showed increased tolerance to Al and Fe, with significantly longer roots, suggesting the gene's role in protection against heavy metals. There is less study of Al tolerance compared with other studies regarding to cadmium or lead (Bhuiyan et al. 2011; Cui et al. 2013) . One report on a protein isolated from the immature foxtail millet seed containing a Wali7 domain showed increased Al tolerance in transgenic plants by reducing damage to root apices (Zhao et al. 2009 ). Furthermore, PgAIPox showed more resistance in acidic conditions, which may lead to the release of water-soluble toxic Al species (Kochian 1995) . Although the most rapid effect of Al is the inhibition of root growth, it also inhibits photosynthesis and transpiration (Ohki 1986) , which is reflected in the decreased chlorosis of PgAIPox compared to WT plants. However, constitutive overexpression of PgAIP resulted in lower fresh weight of aerial parts than WT plants under normal conditions, indicating that proper expression of PgAIP is important for the normal growth of plant leaves. One possible explanation for this inhibitory effect on growth is that the accumulation of heavy metals results in slow growth and therefore less biomass (Cunningham et al. 1995) . Thus, PgAIPox may cause heavy metal accumulation in aerial parts of the plant, as evidenced by the high expression of PgAIP in ginseng leaves.
In the present study, PgAIP-triggered tolerance of Al exposure was confirmed by higher expression of PgAIP under Al exposure than under normal conditions in transgenic plants. Among the Al tolerance genes, AtALS3 showed significantly enhanced expression in PgAIPox plants exposed to Al. AtALS3 has been reported to confer Al tolerance as a plasma membrane-localized ABC transporter-like protein in Arabidopsis (Larsen et al. 2005) . Although its function remains unclear, AtALS3 may function to redistribute accumulated Al away from sensitive tissues to less sensitive tissues. Indeed, one study showed that AtALS3 knockout plants suffered from the accumulation of Al in inappropriate tissues, which subsequently led to severe inhibition of root and shoot growth (Larsen et al. 1997 (Larsen et al. , 2005 . However, we found no significant difference in AtMATE and AtALMT1 expression in PgAIPox compared to WT plants exposed to Al. It has been reported that AtALMT1 and AtMATE facilitate Alactivated root malate and citrate exudation, respectively (Hoekenga et al. 2006; Liu et al. 2009 ), via STOP1, a putative zinc finger transcription factor involved in low-pH resistance and Al tolerance in Arabidopsis (Iuchi et al. 2007 ). These proteins are highly expressed in the root, which is not consistent with our observation of high expression of PgAIP in the leaf, implying that they are not proper partners for PgAIP. Our results suggest that the Al tolerance displayed by PgAIPox plants may be conferred by the coordinated work of AtALS3 in the leaf (Fig. 6 ).
In conclusion, we found that PgAIP, a gene that includes the Wali7 domain, was induced by Al exposure. Transgenic plants expressing PgAIP showed enhanced tolerance to Al . At ALS3 is a half-type ABC transporter located on the PM that is hypothesized to redistribute Al 3? within the plant away from sensitive tissues, such as apical root cells. Although direct evidence is still lacking for a receptor and signal transduction pathway, our results show that PgAIP is localized in PM and involves aluminum tolerance coordinated with AtALS3 exposure by displaying longer roots, less leaf chlorosis, and higher fresh weight under than WT plants. This is the first report describing the isolation of AIP from the ginseng plant and characterizing its role in imparting tolerance to heavy metal exposure. Although the mechanisms underlying our observations merit further investigation, our work shows that the expression of plasma membrane-localized PgAIP improved Al tolerance in Arabidopsis plants. Corresponding to the predict localization of AtAIP, PgAIP was firstly confirmed to be in the plasma membrane, which is been regarded as the principal living structure that is a target of heavy metal toxicity (De Vos et al. 1991; Hall 2002) . We hypothesize that genetically engineered ginseng can lead to improved cultivars with better resistance to heavy metals.
